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ARTICLE INFO ABSTRACT
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This work introduces a novel nanocomposite coating with dual-action self-healing corrosion protection activated
by the photothermal response of plasmonic titanium nitride nanoparticles (TiN NPs). TIN@mesoporous SiO2
core-shell nanocontainers were developed as reservoirs for benzotriazole (BTA) corrosion inhibitors and
incorporated into the shape memory epoxy coating matrix. Under near-infrared (NIR) light irradiation, the
thermogenesis effect of TiN could not only promote the release of corrosion inhibitors from nanocontainers into
the crevice, but also trigger the shape memory effect of damaged epoxy to merge the coating scratch. As such, the
dual-action self-healing mechanisms combining the formation of an inhibitor-based protective layer and the
scratch closure efficiently suppressed the corrosion process at the exposed metal surface. Surface characterization
and electrochemical measurement results proved that the nanocomposite coating incorporated with 2 wt% of
TiN-BTA@SiO exhibited the optimal corrosion protection as well as an excellent self-healing performance that
can be initiated within 30 s of NIR illumination. This photo-controlled self-healing approach is potentially useful
in designing next-generation self-healing coatings with ultrafast response time and high healing efficiency.

Corrosion inhibitor
Shape memory polymer

surface damages and recover the protection performance has attracted
considerable research interests over the past decade.[7-9] Convention-

1. Introduction

Corrosion of metals and alloys is a critical issue in industry fields
worldwide, generating huge economic losses as well as safety and
environmental hazards.[1-3] To date, organic coatings are the major
strategy employed for corrosion protection, providing robust barriers for
metals against the permeation of aggressive media.[4-6] However,
during the fabrication and service processes, these coatings are suscep-
tible to damages induced by mechanical attacks or environmental
degradation. Once the barrier layer is damaged, corrosive agents can
easily penetrate through the coating defects and thereby cause the
degradation of the underlying metal surfaces.

The concept of self-healing coatings that can spontaneously heal

ally, the self-healing function is achieved from two aspects: (1) the
repair of the coating matrix by means of reversible chemical bonds
[10-13] or physical molecular arrangements;[14,15] (2) the release of
healing agents such as reactive monomers,[16,17] thermoplastic addi-
tives[18,19] and corrosion inhibitors into the coating defects.[20-22]
The self-healing action is often initiated or enhanced in response to
external stimuli such as heat,[15,19] light,[4,23] magnetic field[24]
and changes in pH[25,26] or corrosion potential.[26,27] More recently,
a new kind of stimulation approach based on photothermal conversion
has also demonstrated its feasibility in self-healing coatings.[4,9,28] For
example, Huang et al.[18] fabricated a polypyrrole (PPy)/
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polycaprolactone (PCL) hybrid coating, which can quickly heal the
coating scratches within 6 min thanks to the photothermal effects of PPy
to melt the thermoplastic PCL layers. Zou[29] utilized photothermal-
responsive MXene flakes to stimulate the Diels-Alder reaction of epoxy
coating, enabling the self-healing performance and the recovery of
corrosion protection capability via irradiation of near-infrared (NIR)
light at 808 nm. Compared with other stimuli, a photothermal triggered
self-healing process offers several advantages for practical applications:
[4,18,28] (1) it can be activated remotely and nondestructively to heal
the damaged area; (2) it is highly controllable and can be switched on/
off instantly; (3) light can be focused on a selected area without distinct
interference to the intact coating; (4) compared to the conventional
heating and chemical stimulus that require a long time to complete the
healing process, the photothermal-triggered healing process is ultrafast
(usually within minutes).

A variety of photothermal conversion reagents have been reported,
including carbon-based materials[9,10,30] (such as graphene, graphene
oxide, carbon nanotube, and carbon black), polydopamine (PDA),
[31,32] PPy, [18,23,33] and noble metals. [4,34,35] These materials
generally suffer from the drawbacks of high costs and poor dispersion in
the polymer matrix. [9,34,36] Recently, titanium nitride nanoparticles
(TiN NPs) possessing outstanding plasmonic property have been proved
as a promising candidate for photothermal conversion.[37-39] Upon
irradiation, the interaction between light and TiN NPs is dramatically
enhanced at their resonance wavelength to efficiently collect the light
energy. The plasmonic resonance effect significantly increases the yield
of conduction electrons, and the coupling between electrons and pho-
nons can elevate the temperature of TiN NPs and surrounding envi-
ronment over a short time. [35,40] Besides the strong plasmonic effect,
TiN NPs possess several other advantages over conventional plasmonic
materials (e.g. Au, Ag and Cu), including broad light absorption wave-
length in both visible and NIR ranges, superior stability and also low
cost.[6,37] These advantages make TiN NPs attractive as light absorbers
for a variety of applications such as photothermal therapy,[40,41] water
evaporation,[37,42] and anti-icing.[39] Nevertheless, to the best of our
knowledge, TiN NPs have not been employed for the development of
self-healing coatings.

In the present study, novel core-shell nanocontainers consisting of
TiN NPs as cores and mesoporous silica as shells were developed and
incorporated into thermoresponsive shape memory polymer (SMP)
epoxy coatings to impart ultrafast self-healing performance to their
corrosion protection ability. Under NIR light irradiation, the self-healing
action by the photothermal effect of TiN is two-fold: (1) the TIN@me-
soporous SiO; core-shell nanocontainers served as reservoirs for ben-
zotriazole (BTA) corrosion inhibitors, which were efficiently released
upon triggering the photothermal effect of TiN cores; (2) the heat
generated by the TiN cores could also trigger the shape memory effect of
the coating matrix and induce a damage closure effect. The structure and
inhibitor release of the BTA-containing TiN@mesoporous SiO, NPs
(denoted as TiN-BTA@mSiO, NPs) were characterized by scanning
electron microscopy (SEM), transmission electron microscopy (TEM),
Fourier transform infrared (FTIR) and ultraviolet—visible (UV-Vis)
spectroscopy. The photothermal effect was activated by an 808 nm NIR
irradiation, and the temperature variation of nanoparticles and coatings
was recorded by a thermocouple and an infrared camera. The self-
healing properties of the coatings were demonstrated by optical mi-
croscopy, electrochemical impedance spectroscopy (EIS) and scanning
electrochemical microscopy (SECM) measurements.

2. Material and methods
2.1. Materials
TiN NPs, BTA, Bisphenol A diglycidyl ether (DGEBA), neopentyl

glycol diglycidyl ether (NGDE), and Jeffamine D230 were purchased
from  Sigma-Aldrich. Tetraethyl orthosilicate (TEOS) and
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cetyltrimethylammonium bromide (CTAB) were purchased from
Aladdin Chemical Co., Ltd. Other reagents and solvents were supplied by
Sinopharm Chemical Reagent. All chemicals and solvents were used as
received.

2.2. Preparation of TiN-BTA@mSiOz NPs

TiN-BTA@mSiO; NPs were synthesized by mixing TiN NPs with BTA
inhibitors, CTAB (surfactant molecules) and TEOS (a silica precursor)
(see Fig. 1a). To begin with, 0.10 g of TiN NPs were dispersed thoroughly
in 120 mL deionized (DI) water at ~ 25 °C using a cell breaker and then
transferred to a 250 mL three-necked flask, into which 0.07 g of NaOH
was added to adjust the pH value of the system to ~ 12. The mixture was
then magnetically stirred at 80 °C in an oil bath. Under stirring, 0.40 g of
BTA and 0.25 g of CTAB were added until being dissolved completely.
[43] Subsequently, 1.25 mL of TEOS was added dropwise to the mixture.
After vigorously stirring the mixture for 2 h, the TiN-BTA@mSiO, NPs
were obtained and collected by centrifugation at 8000 rpm for 5 min,
washed thrice with DI water and dried for 12 h in an oven at 70 °C. For
the control experiment, BTA-containing mesoporous SiO NPs without
TiN cores were similarly prepared and denoted as BTA@mSiOy NPs.
Another reference sample was TiIN@mSiO», from which BTA and CTAB
molecules were removed by washing with hydrochloric acid and ethanol
followed by drying at 55 °C for 24 h.

2.3. Preparation of self-healing coatings

AA2024-T3 aluminum alloy plates (40 x 30 x 1 mm3) were used as
the coating substrates. Prior to coating preparation, the substrates were
abraded by SiC abrasive papers up to 240 grades and then cleaned
thoroughly with ethanol. The formulation of the SMP coating consisted
of a mixture of DGEBA, NGDE, and Jeffamine D230 at a molar ratio of
1:1:1.[44,45] Different amounts of TiN-BTA@mSiOy NPs (1 wt%, 2 wt
%, and 3 wt%) were dispersed into DGEBA and NGDE mixture and
stirred for 4 h, followed by adding Jeffamine D230 curing agent and
stirring continuously.

The prepared resin mixture was first dropped by a pipette to cover
the whole surface of the AA2024-T3 substrate, and then spin-coated at
300 rpm for 30 s (Shanghai Chemat Advanced Ceramics Technology,
Co., Ltd.) to control the coating thickness and optimize the film uni-
formity. After that, the coatings were cured at ambient environment for
24 h, and then at 55 °C for 12 h in an oven. The thickness of the dry
coatings was ~80 pm. The coatings with 1 wt%, 2 wt%, and 3 wt% TiN-
BTA@mSiO, NPs were denoted as TBS-1, TBS-2, and TBS-3, respec-
tively. For comparisons, the two reference samples, i.e., the blank epoxy
coating without nanofillers, and the coating encapsulated with ~ 1.6 wt
% TiN@mSiOy NPs (denoted as TS coating), were similarly prepared.
The addition of 1.6 wt% TiN@mSiO2 NPs was to ensure that TS coating
and TBS-2 coating had contained the same amount of TIN@mSiO, NPs.

2.4. Characterization of the TiIN-BTA@mSiO2 NPs and the coatings

The morphology and elemental mapping of TiN and TiN-BTA@m-
SiO2 NPs were characterized by SEM (Merlin, ZEISS) and TEM (JEM-
2100F, JEOL) equipped with energy dispersive spectroscopy (EDS). The
chemical structure of the nanoparticles was determined by FTIR (VER-
TEX 70, Bruker). The plasmonic absorption feature of TiN-BTA@mSiO,
and BTA@mSiO, was obtained by using an UV-Vis spectrometer (Bio-
mate 3s, Thermo Scientific) over a wavelength range of 500-1100 nm.
The specific surface area and pore diameter distribution of TiN-
BTA@mSiO; NPs and TiN@mSiO, NPs were determined from N
adsorption—desorption isotherms (ASAP2460, Micromeritics instrument
Ltd.) using Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) methods.[25,43] Numerical simulation of TiN-BTA@mSiOy was
conducted using the finite element method (FEM) software COMSOL
Multiphysics 5.2, under the excitation wavelength of 808 nm.
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Fig. 1. (a) The schematic diagram of TiIN-BTA@mSiO; NPs preparation; (b) SEM, TEM, and selected area electron diffraction (SAED) results of TiN NPs; (c¢) SEM
image, (d) TEM image, and (e) EDS mapping results of the prepared TiN-BTA@mSiO, NPs; (f) FTIR spectra of BTA, TiN-BTA@mSiO, and TIN@mSiO, NPs.

The thermal properties of the nanocomposite coatings were
measured by differential scanning calorimetry (DSC, STA449F3,
Netzsch) from 0 °C to 90 °C with a heating rate of 10 °C min~! under
nitrogen atmosphere. Raman measurement of inhibitors adsorbed on the
AA2024-T3 surface was conducted using a Raman spectroscope (Lab-
RAM, Horiba) with a 785 nm laser as the excitation source over the
wavelengths of 500-1700 cm ™.

2.5. Inhibitor release behavior

The loading capacity and release profile of BTA in TiN-BTA@mSiO,
NPs were investigated using UV-Vis spectroscopy.[5,43] To obtain the
release profile of BTA from TiN-BTA@mSiOs NPs, 0.04 g of TiN-
BTA@mSiO; NPs were added into a dialysis bag (MW 500) containing 5
mL of 3.5 wt% NaCl solution at different pH values (4.0, 7.0, and 11.0).
The dialysis bag was immersed into a beaker containing 100 mL of 3.5
wt% NaCl solution at the corresponding pH and magnetically stirred at
500 rpm. After certain time, 5 mL of the solution outside the dialysis bag



L. Ma et al.

was collected and measured using UV-Vis spectroscopy to determine the
amount of released BTA.[46] Standard curves were plotted by recording
a series of UV-Vis spectra of the NaCl solution with different BTA con-
centrations and at different pH values.[47] The solution was poured
back into the beaker immediately after UV-Vis analysis and the stirring
started again. To analyze the influence of the photothermal effect on the
release kinetics of BTA, the TiN-BTA@mSiO, solution was irradiated for
5 min by NIR laser (808 nm, 2.5 W/cm?) [4] at the same time interval as
the solution without irradiation, during which UV-Vis absorption
measurement was similarly conducted.

2.6. Photothermal conversion performance

To characterize the photothermal conversion effect of the samples,
an 808 nm NIR laser (2.5 W/cm?) was employed as the light source and
illuminated on solutions or coating surfaces. The temperature changes
were recorded by a thermocouple (Shenzhen Huatu Electric Co., Ltd)
and an infrared camera (FLIR ONE PRO, FLIR Systems, Inc.).[10,18,23]
The distance between laser source and target sample was kept at 10 cm,
and the spot size on the sample surface was about 0.5 cm in diameter.

2.7. Self-healing assessment

To study the self-healing performance of coatings, an artificial
scratch was made on each sample surface using a razor blade.[15,19,25]
The scratch was ~80 pm in width, ~500 pm in length and penetrated
through the coating to reach the metal substrate. The photoinduced
healing of the coatings was triggered by the exposure of the scratched
region under the NIR laser (808 nm, 2.5 W/cm?) for 30 s.[4,18] The
healing performance was recorded by optical microscope and electro-
chemical measurements.

2.8. Electrochemical measurements

The corrosion resistance of AA2024-T3 aluminium alloys with
different coatings (intact, damaged or healed) was studied in 3.5 wt%
NaCl solution by an EIS measurement using an electrochemical work-
station (PARSTAT 2273). A conventional three-electrode cell was used,
consisting of a saturated calomel electrode (SCE) as the reference elec-
trode, a platinum foil as the counter electrode, and the coated
aluminium alloy as the working electrode with an exposed area of 1 cm?.
[14,18] After stabilizing the open circuit potential for at least 30 min,
EIS measurement was conducted over the frequency range from 10° Hz
to 10"2 Hz with a sinusoidal voltage perturbation of 20 mV. EIS tests
were conducted three times to ensure the repeatability.

Localized corrosion in the scratched regions before and after self-
healing was monitored by SECM (CHI 660D) with the substrates
immersed in 3.5 wt% NacCl solutions. A four-electrode electrochemical
system was employed, with the coated substrate as the working elec-
trode, a platinum coil as the counter electrode, an SCE as the reference
electrode, and a platinum microelectrode with the tip diameter of 10 pm
as the probe. The distance between microelectrode tip and the coating
surface was kept at 25 pm during the measurement. The scanning range
was 300 x 300 pm? across the scratch area, with a scan rate of 50 pm/s
and a tip potential of —0.75 V vs. SCE.

3. Results and discussion
3.1. Preparation and characterization of TiN-BTA@mSiO2 NPs

Fig. 1a illustrates the fabrication procedure of TiN-BTA@mSiO; NPs,
the core of which were TiN NPs with a face-centered cubic structure and
an average diameter of approximately 35 nm (Fig. 1b). The mesoporous
SiO4 shell with high specific surface area, large pore volumes and
favorable stability,[22,25] served as the nanocontainers to encapsulate
TiN NPs and to store corrosion inhibitors. The morphology of the as-
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prepared TiN-BTA@mSiO, NPs was characterized by SEM and TEM
observations shown in Fig. 1c and 1d, respectively. The nanoparticles
displayed a near-spherical morphology with a narrow size distribution
ranging from 150 nm to 200 nm. EDS mapping in Fig. 1e provides more
detailed information about the distribution of different components in
the nanoparticles. The elemental distribution of Si and O outlined the
morphology of mesoporous SiO,. The mapping of Ti and N confirmed
that TiN NPs were immobilized in the center of each silica nano-
containers. Moreover, when comparing the elemental mapping of Ti and
N, a small portion of N elements were found scatteredly distributed
outside the Ti region. These N elements presumably came from the BTA
molecules (C¢HsN3), thereby implying the successful loading of BTA in
the TiN-BTA@mSiO5 NPs.

To identify the chemical composition of the nanoparticles, the FTIR
spectra of BTA, TiN-BTA@mSiO, and TiN@mSiO (after removing all
BTA from the nanoparticles) were obtained (Fig. 1f). The characteristic
peaks of both samples were located at 788 and 1076 cm™!, which were
assigned to Si-O-Si symmetric stretching and Si-O-Si asymmetric vibra-
tion, respectively.[5,43] These bands originated from the formation of
mesoporous silica. Besides, there were apparent peaks centered at 550
em ™! for both TiN-BTA@mSiO, and TiN@mSiO5 nanocomposites, rep-
resenting the Ti-N band of TiN NPs.[41] Compared to TIN@mSiOo, TiN-
BTA@mSiO; presented some extra FTIR peaks, corresponding to the
C-H in-plane bending vibration of benzene ring of BTA (744 cm 1) and
the stretching vibration of C-H bonds of CTAB (2852 and 2922 cm™ ).
[5,43] Again, these results confirmed the successful encapsulation of
TiN and the loading of BTA inside the mesoporous SiO NPs.

During the synthesis of TiIN-BTA@mSiOy, the residual solutions were
collected and the BTA concentration was measured using UV-Vis
spectra. The amount of the loaded BTA in the nanocontainers was
determined by comparing the BTA concentrations in the solutions before
and after encapsulation into the nanocontainers. The loading capacity of
BTA in TiN-BTA@mSiO; NPs was defined as the mass of BTA as a per-
centage of the total mass of the nanoparticles, which was calculated to
be approximately 16.5 wt%. This value was comparable with the mes-
oporous silica nanocontainers reported in references,[5,22,43] exhibit-
ing high storage ability of corrosion inhibitors in the nanocontainers.

Fig. 2a illustrates the Ny adsorption-desorption isotherms of TiN-
BTA@mSiO, and TiN@mSiO, NPs. TiN-BTA@mSiO, exhibited a very
low adsorption capacity of Ny, with a BET surface area of 13.6 m?/g and
no apparent nanopores. After releasing BTA and CTAB from the nano-
containers, a significant increase of N, adsorption amount was observed
on TiN@mSiO, NPs. The N, adsorption-desorption isotherm of
TiN@mSiO; showed a typical type IV isotherm with a clear hysteresis
loop,[43,48] implying the presence of a well-defined mesoporous
structure. The BET surface area and BJH pore volume were 619.6 m2/g
and 0.65 cm®/g, respectively. The pore size exhibited a narrow distri-
bution centered at ~ 3.3 nm as shown in Fig. 2b. The highly porous
structure of TIN@mSiO; ensured the high loading capacity for BTA in-
hibitors. The strongly decreased specific surface area of TiN-BTA@m-
SiO5 indicated the filling of inhibitors into the pores of mesoporous
silica.

3.2. Photothermal effect and inhibitor release of TiN-BTA@mSiO2 NPs

The photothermal effect of TiN can be generated under a plasmonic
resonance condition to harvest the light energy and convert the absor-
bed energy into temperature elevation by the extensive electron—phonon
collisions.[39-41] Fig. 3a illustrates the electromagnetic simulation re-
sults of TiIN-BTA@mSiO5 NPs under 808 nm laser excitation using FEM
under the excitation wavelength of 808 nm. The dimensional parame-
ters of the nanoparticles were acquired from TEM observation in Fig. 1d.
The local electric field distribution was intensely enhanced around TiN
NPs, indicating that TiN could efficiently absorb light energy and reach
the resonance status.[37-39] As shown in Fig. 3b, UV-Vis-NIR absorp-
tion spectra were performed to investigate the plasmonic property of
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TiN-BTA@mSiOy NPs, using BTA@mSiO, NPs (BTA-containing meso-
porous SiO, nanoparticles prepared without TiN cores) as a comparison.
BTA@mSiOy NPs possessed a very low light absorption capacity. In
comparison, the absorption spectrum of TIN-BTA@mSiOz NPs displayed
a characteristic plasmonic resonance peak located at ~ 800 nm, and
sufficient absorption could be observed over a broad Vis-NIR wave-
length region.[37,41,42]

The strong light absorption of TiN-BTA@mSiO made it very
attractive as a thermogenesis material. To visualize the photothermal

effect, the temperature variation of the solutions containing TiN-
BTA@mSiO; and BTA@mSiO; (0.04 g of nanoparticles in 5 mL of DI
water) under laser irradiation was monitored (Fig. 3c). Under NIR laser
illumination, the temperature of BTA@mSiO; only increased by ~ 7 °C
after 300 s. In contrast, TIN-BTA@mSiO, exhibited a rapid temperature
elevation to ~ 45 °C after 60 s and reached a plateau at ~ 70 °C after
250 s. The local temperature variation was recorded by using an infrared
thermal camera. Without TiN (Fig. 3d), there was no detectable tem-
perature rise in the solution containing BTA@mSiO3 NPs within 300 s of
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laser irradiation. However, the image of the solution containing TiN-
BTA@mSiOy NPs turned red gradually, implying that the incorporation
of TiN NPs brought about a significant photothermal conversion effect.
A rapid release of corrosion inhibitor from the nanocontainers allows
for a timely suppression of corrosion activities at the coating defects.
However, the release of corrosion inhibitors from the nanoscale porosity
of mSiO; takes place by passive diffusion and is typically slow without
external stimulus.[8,25,43] To assess the influence of photothermal ef-
fect on the release kinetics of BTA inhibitors from TiN-BTA@mSiO, NPs,
the release profiles of BTA in neutral NaCl solutions with and without
NIR irradiation were compared (Fig. 3e). Without light radiation, BTA
was released at a relatively low rate. After 300 min, only approximately
40% of the loaded BTA was leached out. In contrast, for the sample being
intermittently irradiated by laser, due to the intense photothermal effect
from the plasmonic TiN NPs, the BTA release was significantly accel-
erated. When the irradiation was turned off, the release rate returned
back to a slow level, which confirmed that the encapsulation of TiN NPs
enabled a photoresponsive regulation of the inhibitor release. The
photothermal-controlled release of inhibitors can be effectively regu-
lated according to the specific application and corrosivity of the envi-
ronment. Fig. 3f shows the release profiles of BTA at different pH
conditions under light radiation for 5 min at each UV-Vis measurement
interval. The release ratio of BTA was similar at all pH conditions and
reached to ~ 90% within 600 min. The photothermally triggered ac-
celeration in BTA release would be beneficial for timely corrosion pro-
tection, as the rapid leaching of inhibitors ensures the immediate
suppression of corrosion reactions at coating damages.[5,19]
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3.3. Photothermal effect and self-healing performance of TBS coatings

Having evaluated the photothermal property of TiN-BTA@mSiO,
NPs, we then incorporated the nanocontainers into the SMP coating. The
thermal behavior of the coatings with different amounts of TiN-
BTA@mSiO, NPs was investigated by DSC measurements. As presented
in Fig. 4a, the DSC curve of the blank SMP showed an apparent inflection
at ~46 °C, which corresponded to the glass transition temperature (Tg)
of the epoxy.[14,44] For the coatings containing TiN-BTA@mSiOz NPs,
the DSC curves and T,y remained almost unchanged, suggesting that the
presence of a small amount of nanoparticles barely affected the thermal
behavior and shape memory effect of the polymer matrix.[14,19] The
shape memory effect of SMP coatings depends on its critical Tg. When
the surface temperature of the epoxy resin is lower than Ty, the defor-
mation of the coating caused by physical damages is fixed due to the
limited mobility of polymer chains. As the temperature increases to
above the T, the epoxy changes from the glassy state to the rubbery
state, which releases the stored strain energy in the deformed area and
exerts a contracting force to bring the defect area into spatial proximity.
As a result, the shape memory effect leads to the shape recovery of the
coating as well as the crack closure.[15,45] Based on the DSC results, we
conclude that if the surface temperature of the coating is higher than Tg,
the self-healing action can be triggered by the shape memory effect of
the coating matrix.[10,18,39]

Thereafter, the thermogenesis effect of TBS coatings (SMP coatings
loaded with TiN-BTA@mSiO; NPs) was assessed upon exposure to NIR
laser and monitored via a thermocouple taped on the back side of the

Max 29.1 °C

20.0°C

Max 454 °C

20.0°C

Max 64.8 °C

20.0°C

Fig. 4. (a) DSC curves of epoxy coatings with different TIN-BTA@mSiO, NPs addition amounts of 0%, 1%, 2%, and 3%; (b) the surface temperatures of TBS coatings
upon exposure to NIR laser for 180 s; (c) the temperature variations of TBS-2 coating within five on/off irradiation cycles; (d) self-healing and photothermal be-

haviors of epoxy and TBS coatings under NIR irradiation; scale bar: 100 pm.
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AA2024-T3 plate. As shown in Fig. 4b, under laser irradiation, the sur-
face temperatures of TBS coatings increased rapidly within 30 s and
reached to a steady state within 180 s owing to the equilibrium between
heat generation and dissipation. With the increasing addition of TiN-
BTA@mSiO, NPs, the heating rate increased significantly. The coatings
containing 1 wt%, 2 wt%, and 3 wt% nanoparticles reached plateau
temperatures of ~ 35 °C, ~55 °C, and ~ 60 °C after 180 s, respectively.
In contrast, the blank SMP coating showed negligible temperature
elevation (~6 °C) under the same irradiation condition. These obser-
vations indicated that the photothermal effect of the coatings could be
tailored by the amount of nanofillers. Fig. 4c shows the photothermal
stability of TBS-2 coating subjected to five on/off irradiation cycles.
Under laser irradiation, the surface temperature of the coating increased
substantially; once the laser was switched off, the coating surface rapidly
cooled off to room temperature. The cyclic irradiation results manifested
that the coating possessed a stable thermogenesis efficiency against
repeated NIR irradiation, which is beneficial for multiple coating
repairs.

To demonstrate the self-healing performance, an 80 pm wide scratch
was made on the TBS coatings using a razor blade and irradiated by the
808 nm laser at a power density of 2.5 W/cm? for 30 s. The surface
morphologies of the scratch before and after NIR irradiation were
recorded by an optical microscope. Besides, infrared thermal images
were taken to monitor the thermogenesis behaviors of different coatings.
In Fig. 4d, for the blank SMP coating, the width of the scratch showed a
limited reduction to ~ 40 pm upon laser irradiation, since its surface
temperature (~30 °C) was too low to trigger the shape memory effect.
For the TBS-1 coating, the gap was still evident with a width of ~ 30 pm
after irradiation. Although the surface temperature of ~ 45 °C was very
close to the Tg of TBS coating, the thermal energy was insufficient to
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efficiently activate the molecular chain motion to heal the crack.[14,34]
With an increased TiN-BTA@mSiO5 addition to 2—-3 wt%, TiN NPs could
absorb and convert more light energy into heat, and rapidly elevated the
surface temperatures to be higher than 55 °C. In these cases, the
deformed polymer matrix around the coating scratch recovered to its
original shape under the shape memory effect, resulting in an evident
narrowing of the scratch into a small crevice of only ~10 pm wide. The
infrared images in Fig. 4d manifested that during NIR irradiation, the
center of the irradiation spots showed the highest temperature, while the
temperature of the surrounding area remained relatively low. In other
words, the photothermal conversion was localized to the damage region
and would minimally affect the property of the intact coating.[24,34]

3.4. Electrochemical measurements

EIS analyses were conducted to investigate the influence of TiN-
BTA@mSiO; NPs on the corrosion protection and self-healing properties
of the coatings. The barrier properties of intact coatings were first
examined in 3.5 wt% NaCl solution and the results are summarized in
Fig. 5a and 5b. After 2 days of immersion, the Nyquist plots of all
coatings showed one semicircle, which indicated that corrosion had not
occurred on the aluminum alloy substrate.[27,49] The Bode magnitude
plots showed a capacitive behavior at 10° Hz to 10! Hz frequencies and a
plateau in the low frequency domain. In the phase angle plots, only one
time constant was observed for all coatings, confirming their excellent
barrier properties.[26,27,49] Generally, the low-frequency impedance
modulus (|Z]o.01 nz) is an important semi-quantitative parameter to
evaluate the corrosion protection performance of coatings.[36,48]
Compared to that of the blank coating, the barrier property of the TBS
coatings slightly increased with the addition of 1-2 wt% TiN-

(a) Fig. 5. (a) Nyquist spectra and (b) Bode magnitude
8.0x10° and phase angle plots of intact epoxy coatings with
0 e different TIN-BTA@mSiO, NPs addition amounts of
o
€ 6.0x10° ° 1% 8 0wt%, 1 wt%, 2 wt%, and 3 wt%, after immersion in
C}Q a :25:;" € 9 3.5 wt% NacCl solutions for 2 days; the Bode magni-
G b o
£ 2.0x10° 3 e tude and phase angle plots of (c) scratched epoxy
L 5 = coating and (d) the healed TBS-2 coating after im-
: o = ?,; mersion in 3.5 wt% NaCl solution within 15 days; (e)
20x10°] 4 - . -
: & g & the Bode magnitude plots of irradiated TS and TBS-
o >
2 no laser coatings after immersion in 3.5 wt% NaCl
0.0 ; : . : | i i .
00 e B s B e 10% 4 e solution for 1 day and 5 days; (f) |Z]o.01 u, values of
Zre (Q.om? (05 1108 10 010: {0-PeNOg 10 10 distinct samples after immersion in saline solutions
) Frequency (Hz)
©) for 1 day and 5 days.
1074 sy o 1day [8 880
& &, o 5days —~ —_
ST o g %%, 10 days 8 8
R 5.3 f’% o 15days 60 g L 60 %
£ 10°4 & % s =3
S i % 2 E
=2 & o a0 2 tao 2
= £ h g 40 2
= “m-;d’cpén % 2 g
10° RS a5y, © 8
Sagsons 20 £ 20 &£
1074
: : - : : - : -0 . . . . . . . Lo
102 403 103 108 102 107 - 0% 10° 102 100" 0% 104 02 ¢ 02 0d 08
Frequency (Hz) Frequency (Hz)
(e) f)
1074 t 80 1.5x107 TBS-2
m
1064 O ¢ 1.2x1074
< (g 5
£ 105 = ol
(e} 40% T:E‘g'ox o epoxy TS TBS-no laser
S i B g
= o —56.0x10%
# QN
103 3 ° 4 20 f 6.
© TBS-no laser, 1d > 3.0x10%
1024 > TBS-no laser, 5d
T T T T T T T w0 0.0- ||
102 10! 102 ol 102 103 10t 105 il & ¢ i &

Frequency (Hz)



L. Ma et al.

BTA@mSiO,, but dropped significantly with the addition of 3 wt%. The
inferior barrier property of the TBS-3 coating may be attributed to the
agglomeration and non-uniform dispersion of excessive nanoparticles,
which introduced more diffusion channels in the coating matrix.[6,17]
Based on these results, the TBS-2 coating, exhibiting both excellent
shape recovery and high barrier performance, was chosen for the study
of the self-healing effect in the following section.

To further evaluate the self-healing effect of the coating, a ~ 80 pm
wide scratch was made on the coating surface and then a droplet of
water was spread onto the scratched region, followed by NIR laser
irradiation for 30 s. The purpose of dropping a small amount of water on
the coating surface was to ensure the instantaneous release of BTA
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inhibitors upon light irradiation. EIS measurements were carried out
after immersing the photothermally healed TBS-2 coating in 3.5 wt%
NacCl solution for 1, 5, 10, and 15 days, using the damaged blank SMP
coating for comparison. In Fig. 5¢ and 5d, the |Z|o.01 n values of the
blank SMP and TBS-2 coatings were 1.2 x 10% Q-cm? and 1.4 x 107
Q-cm? after 1 day of immersion, respectively. The |Z|¢ o1 u, of blank SMP
coating displayed a gradual decrease with a prolonged immersion time
as a consequence of the unsuppressed corrosion activity within the wide-
open scratch.[6,14,26] In contrast, TBS-2 coating well maintained its |
Z]0.01 1z values with only a minor descent of ~ 10% over the entire
immersion period, which indicated that the corrosion activity on the
alloy surface was successfully retarded.[14,20] After 15 days, the |Z|o.01
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Fig. 6. SECM current mapping of the scratches on (a) blank epoxy coating, (b) TS coating, (c) TBS-no laser coating, and (d) TBS-2 coating, after immersion in 3.5 wt

% NaCl solutions for 1, 6, and 24 h.
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Hz value of TBS-2 coating (1.2 x 107 Q-cm?) was almost 20 times higher
than that of the blank epoxy (6.2 x 10° Q-cm?), indicating that the
photothermally induced self-healing effect strengthened the corrosion
protection property. Fig. 5c-5d also present the evolution of phase an-
gles for blank SMP and TBS-2 coatings during the 15-day immersion.
Generally, three time constants were shown in the damaged coatings.
The time constant in the low frequency range describes the corrosion
activity on the underlying metal substrate. The time constant at mid-
frequency region is attributed to the formation of oxide layers, which
may be composed of native aluminum oxide or the layer formed by the
interaction between BTA and the exposed metal surface. The third time
constant at high frequency corresponds to the barrier property of the
coating.[50] Compared with blank coating, the low-frequency time
constant reflecting the corrosion activity disappeared for the TBS-2
coating. Besides, TBS-2 showed much higher phase angle value at 10°
Hz, implying better corrosion resistance of the nanocomposite coating.
[20,25,51]

In order to distinguish the individual effect of scratch closure and
inhibitor release on the self-healing performance, two extra samples
were prepared and tested, i.e., the coating incorporated with TIN@m-
SiO4 NPs (after removing all BTA from the nanocontainers) and irradi-
ated by NIR light (denoted as TS coating), and the TBS-2 coating without
laser irradiation (TBS-no laser coating). As shown in Fig. 5e-5f, the |
Z]o.01 Hz values of both TS and TBS-no laser coatings were higher
compared with those of the blank epoxy coating, which suggest that the
scratch closure and inhibitor release were both beneficial for the sup-
pression of corrosion activity within the coating scratch. Nevertheless,
both of them were much lower than those of the healed TBS-2 coating.
The influence of BTA release from individual nanocontainers on the
inhibition effect is illustrated in Fig. S1, from which the corrosion in-
hibition effect of the released BTA molecules was demonstrated. These
results clearly manifested that the dual action from the enhanced in-
hibitor release and the scratch closure and, both triggered by the pho-
tothermal conversion, led to the superior self-healing efficiency of the
TBS-2 coating.

To further validate the dual-action self-healing performance of the
nanocomposite coating, SECM was employed to study the local corro-
sion activity in the scratch region by monitoring the current intensity of
cathodic oxygen reduction on the exposed metal substrate.[14,19] Fig. 6
depicts the mapping of oxygen reduction current around a scratch made
on blank coating, TS, TBS-no laser, and TBS-2 coatings, after 1, 6, and
24 h of immersion in 3.5 wt% NaCl solution. As shown in Fig. 6a, the
oxygen reduction current within the scratch of blank coating remained
at a low level of ~ 2 x 10° A during 24 h, indicating the complete
consumption of oxygen by the cathodic corrosion reaction on the
exposed metal substrate. Without the inhibitor, the TS coating showed
slightly increased current values in Fig. 6b, which was attributed to the
reduced scratch size after photothermal healing, yet the corrosion ac-
tivity was still intense. The TBS coating without laser irradiation
(Fig. 6¢) also exhibited very low current values of around 3 x 1010 A
after 1 and 6 h of immersion. Without the photothermal enhancement,
the slow diffusion of BTA from the mesoporous silica nanocontainer
could not exert a timely suppression of the severe corrosion activity
taking place within the wide-open scratch. After 24 h, the cathodic ac-
tivity became weaker because of the gradual release and adsorption of
BTA.[26,43] On the contrary, once the self-healing effect was photo-
thermally triggered (Fig. 6d), the scratch region presented no remark-
able electrochemical activity during the entire 24 h of immersion. The
SECM results confirmed, from a micro-electrochemical perspective, that
the corrosion activity was effectively suppressed by the dual self-healing
actions from inhibitor release and scratch closure.[14,19]

3.5. BTA adsorption and self-healing mechanism

After 24 h of immersion in 3.5 wt% Nacl solution, the healed TBS-2
coating was peeled off from the substrate. Raman measurements were
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then conducted at different locations on the exposed metal surface to
explore the adsorption behavior of BTA. The first detection spot was
within the scratch region and the second spot was 2 mm outside the
scratch. The third spot was at the intact coating surface which had not
been exposed to the corrosive solution. In Fig. 7a, pronounced Raman
signals of BTA were collected from the first spot, with characteristic
peaks located at 834, 1010, 1146, 1292, 1449 and 1595 em~ . The peak
at 834 cm™! was ascribed to the benzene ring breathing; the peak at
1010 cm ! corresponded to the benzene skeletal and CH bend; the peak
at 1146 cm™! was assigned to the NH bend; the peak at 1292 cm™!
described the skeletal stretch NH bend and CH bend; and the peak at
1449 em! and 1595 cm™! were associated with the benzene ring
stretch.[52] These peaks confirmed the presence of a BTA adsorption
layer on the alloy surface. At 2 mm from the scratch, the Raman signals
of BTA were not as strong as those within the scratch. The metal sub-
strate at this location was still covered by an intact coating without
obvious defects. Only a small amount of inhibitors could reach the
substrate through diffusion channels within the coating. For the third
spot with no direct contact with the saline solution, no Raman signal was
detected on the metal substrate. These results clearly demonstrated that
the BTA corrosion inhibitors were well stored in the nanocontainers and
could be released on demand. Fig. 7b shows the Raman signal at 1010
cm™! mapped over an area of 30 x 30 pm? around the coating scratch. It
is shown that the Raman intensity of BTA was very high along the
scratch (inside the dotted area), indicating a higher amount of adsorbed
inhibitors. The Raman signals were reduced in the surrounding areas
covered by the coating. The above observations confirmed that BTA
molecules were released from the TiN-BTA@mSiO; NPs and had
adsorbed on the exposed metal substrate for corrosion protection.

Fig. 8 presents the schematic diagram to explain the dual-action self-
healing mechanism of the coating developed in this study. When the
coating was damaged, the photothermal effect of TiN NPs could elevate
the local temperature under NIR irradiation, generating two responses
simultaneously. On one hand, the thermogenesis effect could promote
the release of corrosion inhibitors from the nanocontainers to suppress
the corrosion activity at the exposed metal surface.[47,53] On the other
hand, photothermal response activated the shape memory effect of the
polymer matrix, leading to evident scratch closure (from 80 pm to 10
pm) and thus the reduced metal exposure.[14,19,44,54,55] The scratch
closure further benefited to minimize the amount of inhibitors required
to suppress the corrosion activity. The instant self-healing action upon
laser irradiation is a remarkable advantage for healing coating defects
where an immediate repair is necessary.

4. Conclusions

In summary, the study reported the development of a dual-action
self-healing coating for corrosion protection based on a novel strategy
realized by the photothermal-responsive inhibitor-loaded TIN@mSiO2
nanocontainers and a thermoresponsive SMP epoxy as the coating ma-
trix. Owing to their plasmonic property, TiN NPs could effectively
absorb light energy and transform it into heat. Under NIR irradiation,
the releasing rate of BTA corrosion inhibitors from TiN-BTA@SiO,
nanoparticles were dramatically improved; besides, the photothermal
effect of TiN rapidly elevated the surface temperature of the coating and
triggered the shape memory effect to merge the coating scratch, thus
retarding the penetration of corrosive solution. Both EIS and SECM
measurements demonstrated that the inhibitor adsorption and scratch
closure co-contributed to the effective suppression of corrosion. The
coating containing 2 wt% TiN-BTA@SiOs NPs exhibited the optimal
corrosion resistance as well as a prominent self-healing performance
that could be initiated within 30 s of NIR illumination. The ultrafast
response time and outstanding self-healing ability, enabled by the
photothermally responsive inhibitor nanocontainers as well as the SMP-
based coating, may provide new insights for the development of next-
generation smart protective coatings.
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Fig. 8. The schematic diagram of photothermal-triggered self-healing performance of epoxy resin immobilized with TiN-BTA@mSiO2 NPs.
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